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Abstract A rye–wheat centric chromosome translocation
1RS.1BL has been widely used in wheat breeding programs
around the world. Increased yield of translocation lines was
probably a consequence of increased root biomass. In an
eVort to map loci-controlling root characteristics, homoeo-
logous recombinants of 1RS with 1BS were used to gener-
ate a consensus genetic map comprised of 20 phenotypic
and molecular markers, with an average spacing of 2.5 cM.
Physically, all recombination events were located in the
distal 40% of the arms. A total of 68 recombinants was
used and recombination breakpoints were aligned and
ordered over map intervals with all the markers, integrated
together in a genetic map. This approach enabled dissection
of genetic components of quantitative traits, such as root
traits, present on 1S. To validate our hypothesis, phenotyp-
ing of 45-day-old wheat roots was performed in Wve lines
including three recombinants representative of the entire
short arm along with bread wheat parents ‘Pavon 76’ and
Pavon 1RS.1BL. Individual root characteristics were
ranked and the genotypic rank sums were subjected to
Quade analysis to compare the overall rooting ability of the
genotypes. It appears that the terminal 15% of the rye 1RS
arm carries gene(s) for greater rooting ability in wheat.
Introduction
Many present day bread-wheat cultivars carry a centric
rye–wheat translocation 1RS.1BL in place of chromosome
1B (Braun et al. 1998). Originally the translocation was
thought to have been Wxed because the 1RS arm of rye
(Secale cereale L., 2n =2 x = 14, genome formula RR)
carries genes for resistance to various leaf and stem fungal
diseases and insects (Zeller and Hsam 1984). However, the
translocation increased grain yield even in the absence of
pathogens (Villareal et al. 1991, 1995). It has been shown
recently that this yield increase may be a direct conse-
quence of a substantially increased root biomass (Ehdaie
et al. 2003).
Studies by Ehdaie et al. (2003) showed a signiWcant
increase of root biomass in wheat lines with 1RS transloca-
tions and a positive correlation between root biomass and
grain yield. In sand cultures, all three 1RS translocations on
1AL, 1BL, and 1DL in ‘Pavon 76’ genetic background
showed clear position eVects with more root biomass and
root branching over Pavon 76 (a high-yielding spring wheat
from CIMMYT). The root biomass among these transloca-
tion lines ranked as follows: Pavon 1RS.1AL > Pavon
1RS.1DL > Pavon 1RS.1BL > Pavon 76. On the other hand,
in Colorado, the ‘Amigo’ 1RS.1AL translocation from a
diVerent rye source (‘Insave’) in wheat cv. ‘Karl 92’, showed
23% yield increase under Weld conditions over its winter
wheat check, Karl 92 (Owuoche et al. 2003). In 1RS.1BL
translocation wheats grown in acid soils, roots were thinner
and there was a higher root length density, and this likely
enhanced the root surface area (Manske and Vlek 2002). The
yield advantage of 1RS translocation lines may be partly
attributed to the increase in root biomass that increases
uptake of water and nutrients from the soil (Ehdaie et al.
2003; Snape et al. 2007; Ehdaie and Waines 2008).
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To elucidate the mechanisms responsible for increase in
root biomass in 1RS wheats, it is necessary to genetically
map and identify loci responsible for enhanced root traits.
The objective of this study was to develop a consensus
genetic map of the 1RS-1BS chromosome arms using a
population of induced homoeologous recombinants, and
subsequently use the genetic map to tag the 1RS chromo-
somal region responsible for increased root traits.
Molecular linkage maps of cereals are being improved
rapidly by adding new types of markers, merging diVerent
species-speciWc maps and comparative mapping of markers
between related genomes. EYcient use of resulting dense
maps requires detailed insights into the relationship
between genetic and physical distances (Künzel et al.
2000). Various types of markers have been mapped on the
1S arm of wheat (Röder et al. 1998; Peng et al. 2004) and
rye (Mago et al. 2002). PCR-based markers were developed
for 1RS.1AL and 1RS.1BL wheat–rye translocations in
wheat (Weng et al. 2007). However, these translocations
have not been used extensively to generate a consensus
map of wheat and rye chromosomes, which would be a use-
ful tool to study diVerent agronomic characters inXuenced
by the presence of rye chromatin. Recombination mapping
has an advantage over deletion-bin mapping in generating
higher resolution maps. In deletion mapping, the number of
available breakpoints, hence the number of bins, limits the
resolution, and after the set developed by Endo (Endo and
Gill 1996) there have been no further eVorts to generate
new breakpoints. In genetic mapping, resolution is limited
primarily by the number of available markers, and these
increase steadily. Another advantage of recombination
mapping is the ability to study the genes on rye chromo-
somes, where, because of diploidy, it is diYcult, if not
impossible, to practise deletion bin mapping. In this study,
using a set of recombinants, we generated a consensus map
of 1RS-1BS that integrates physical and molecular markers
and attempted to narrow the regions containing major QTL
for root characteristics.
Materials and methods
Plant material
Experimental material was provided by Dr. A. J. Lukaszew-
ski, University of California, Riverside. It consisted of a set of
rye–wheat recombinant lines in a near-isogenic background
of bread wheat cv. Pavon 76. Pavon 76 is a spring hard wheat
from the breeding program at Centro Internacional de
Mejoramiento de Maíz y Trigo (CIMMYT), Mexico. The set
includes centric translocation 1RS.1BL in Pavon 76, where
the 1RS arm is from cv. Kavkaz and 1BL arm is from Pavon
76 (Lukaszewski 1993) and a set of 68 recombinants of the
1RS arm with 1BS in Pavon 76 (Lukaszewski 2000). The
1RS-1BS recombination was induced by the absence of the
Ph1 locus. All recombinants are single breakpoints; therefore,
the short arm of each recombinant chromosome contains one
segment of 1RS (either terminal or proximal to the centro-
mere) and a complementary segment of 1BS. Each recombi-
nant has a normal 1BL long arm. Since they were produced
by crossing over, they can be used to generate a genetic map.
However, since recombination in wheat is predominantly in
the distal portion of each arm (Gill et al. 1996), physically,
these recombination breakpoints cover only the terminal 40%
of the arm’s length.
Genetic mapping
The primary source of PCR-based markers were DNA
sequences of cDNAs that had been used to deWne 763
expressed sequence tags (EST) allocated by low-resolution
deletion mapping to wheat 1S chromosomes (Peng et al.
2004,  http://wheat.pw.usda.gov/cgibin/westsql/map_locus.
cgi). Based on posted Southern blot images, 91 EST loci
allocated to 1BS were selected for primer design. The unig-
enes corresponding to these ESTs were identiWed from
HarvEST: wheat assembly WK (www.harvest-web.org)
and used for primer design. Primer pairs were designed
using PRIMER 3 software http://frodo.wi.mit.edu/ (Rozen
and Skaletsky 2000). It was expected that a majority of thus
produced markers would be polymorphic in the wheat–rye
context. Additionally, 16 1BS speciWc SSR/eSSR primer
pairs were chosen from earlier studies (Röder et al. 1998;
Peng and Lapitan 2005). Nine eSSR primer sequences were
provided by Dr. N. Lapitan of Colorado State University,
Fort Collins, CO, and information on seven SSR primers
was from Röder et al. (1998). Pre-screening was done using
Wve genotypes: Pavon 76, Pavon 1RS.1BL, Pavon Dt.1BL,
T-1, and 1B + 5.
DNA extraction
DNA was extracted from young leaf tissue of rye–wheat
recombinants and their parental lines using Plant DNAzol
(Promega, Madison, WI) and further puriWed using a
DNeasy plant kit (Qiagen, USA). Quality and quantity of
the puriWed DNA were assessed on a 0.8% agarose gel by
electrophoresis and using a UV spectrophotometer.
PCR, gel electrophoresis and scoring 
for EST-based markers
PCR was performed in a DNA Engine Dyad PELTIER
Thermal Cycler System (MJ Research, USA). The 20 l
reaction mixtures consisted of 50 ng of template DNA, 2 l
of 10£ PCR BuVer with 15 mM of MgCl2 (Qiagen, USA),Theor Appl Genet (2009) 119:783–793 785
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1 unit of HotStarTaq DNA Polymerase (Qiagen, USA),
0.2 mM dNTPs (Sigma Chemical Co., St. Louis, MO), and
2 pmole each of forward and reverse primer synthesized
by Operon Biotechnologies, Inc. After 10 min of denatur-
ation at 95°C, ampliWcations were performed for 35 con-
secutive cycles each consisting of 45 s at 95°C, 30 s at
60°C, 45 s at 72°C, followed by an 8 min extension step at
72°C. About 5 l of PCR products were run on a 1.2% aga-
rose gel. Gels were stained with ethidium bromide and gel
images captured using a gel documentation system. Gel
images were scored manually for presence or absence of
bands/polymorphism.
PCR, gel electrophoresis and scoring
for SSR-based markers
A tailed primer approach (Oetting et al. 1995) was used for
simple sequence repeat (SSR) analysis. To facilitate label-
ing, unlabeled M13 tail (5 CACGACGTTGTAAAAC
GAC 3) was added to the 5 end of forward SSR/eSSR
primers (see Table 1) while reverse SSR primers did not
contain a tail. An IRDye-labeled M13 forward primer (third
primer) was included in the PCR, which generated labeled
PCR product in the subsequent cycles of PCR for easy
detection. PCR was performed in a DNA Engine Dyad
PELTIER Thermal Cycler System (MJ Research, USA).
The 10 l reaction mixtures consisted of 10 ng of template
DNA, 1£ Thermophilic DNA polymerase buVer (50 mM
KCl, 10 mM Tris–HCl (ph 9.0 at 25°C), and 0.1% Triton
X-100, Promega, Madison, WI), 2.0 mM MgCl2, 0.5 unit of
Taq DNA polymerase (Promega, Madison, WI), 0.2 mM
dNTPs (Sigma Chemical Co., St. Louis, MO), 0.25 pmoles
each of forward and reverse primers synthesized by Operon
Biotechnologies, Inc., and 0.25 pmoles of M13F primer
labeled at the 5 end with an infrared dye IRD700 (LI-
COR, Lincoln, NE). After 4 min of denaturation at 94°C,
ampliWcations were performed with 35 cycles each consist-
ing of 1 min at 94°C, 1 min at the speciWc annealing tem-
perature (see Table 1), 90 s at 72°C, and then followed by a
15 min extension step at 72°C.
The PCR products were separated on 18 cm denaturing
7% Long Ranger (BMA, Rockland, ME) polyacrylamide
gels using a LI-COR IR2 4200LR Global DNA sequencer
dual dye system (Lincoln, NE). Formamide loading dye was
added at an appropriate ratio to get sharp bands (Caruso et al.
2008). PCR products were denatured at 94°C for 3 min and
transferred to ice before loading on the gel. Approximately
0.25 l of diluted and denatured PCR product was loaded in
each lane of the gel. At least three wells in each gel were
loaded with 50–350 bp sizing standard (LI-COR, Lincoln,
NE) to facilitate scoring. Gels were scored manually for pres-
ence (1) or absence (0) of wheat alleles.
Phenotyping of shoot and root traits
A phenotyping experiment to study root characters was set
up in the glasshouse in sand-tube cultures (Champoux et al.
1995) in PVC tubes, 80 cm long and 10 cm in diameter dur-
ing 2006, 2007 and 2008. The study involved Wve lines:
Pavon 76 and Pavon 1RS.1BL as the parents, and recombi-
nants T-14, 1B + 38, and 1B + 2 (Ehdaie and Waines
2006). The three recombinant lines were chosen from the
set of 68 lines to subdivide the recombining portion of the
arms into three segments of roughly equal lengths.
Table 1 Primer sequences and PCR conditions for ampliWcation of bread wheat 1BS speciWc markers
Locus Marker 
name
Primer sequences (5–3) Genebank 
accession
HarvEST: 
Unigene #
Source SSR Motif Annealing 
temp. (°C)
Expected 
fragment 
size (bp)
Observed 
fragment 
size (bp)
B8 Xucr_3 F: TGCCTCTCTTGCACTTAGCA
R: TGGGCTGCTAAAAGGATCAC
BE498153 27072 EST – 60 486 500
F6 Xucr_4 F: CAAGGAGGTTGGTTTCCTGA
R: CGAATACAAGCCGTTCATCA
BE497177 12930 EST – 60 440 575
C7 Xucr_5 F: CTTGCGTCTACGTCGAGGAT
R: GGTCATTTGATCGGCTTCAT
BE490021 22324 EST – 60 499 500
E5 Xucr_6 F: TCGAAGGAGAATACGCTGGT
R: GCCCATAAGATTTTGCAACG
BF483035 9666 EST – 60 442 1,100
Xcwem6c Xucr_8 F: CACGACGTTGTAAAACGAC
CCTGCTCTGCCATTACTTGG
R: TGCACCTCCATCTCCTTCTT
BF483588 10053 SSR (AG)12 55 165 165
Xgwm18-1B Xucr_1 F: CACGACGTTGTAAAACGAC
TGGCGCCATGATTGCATTATCTTC
R: GGTTGCTGAAGAACCTTATTTAGG
– – SSR (CA)17GA(TA)4 50 188/182 180
Xgwm264-1B Xucr_7 F: CACGACGTTGTAAAACGAC
GAGAAACATGCCGAACAACA
R: GCATGCATGAGAATAGGAACTG
– – SSR (CA)9A(CA)24 60 157/165 160
Xgwm273-1B Xucr_2 F: CACGACGTTGTAAAACGAC
ATTGGACGGACAGATGCTTT
R: AGCAGTGAGGAAGGGGATC
– – SSR (GA)18 55 171/165 165786 Theor Appl Genet (2009) 119:783–793
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The seeds of these Wve lines were surface sterilized with
5% commercial bleach for 5 min, washed for 10 min in dis-
tilled water, soaked in water for 24 h and then germinated
on wet Wlter paper in Petri dishes. 5-day-old seedlings were
transplanted to 80 cm PVC tubes containing 1 m polythene
tubing, closed at one end, with 8.5 kg of silica sand #30.
Two small holes were made at the bottom of polythene tube
to allow drainage of excess water. The PVC tubes were
supported in metal frames and arranged in a randomized
complete block design with four replicates. Plants were har-
vested 45 days after germination when the diVerences in
root characters could be eYciently measured among diVer-
ent recombinant lines. The data for diVerent shoot charac-
ters were recorded and the tubes containing roots were
stored at 4°C until processing. The roots were washed and
recovered without damage using a Xotation technique
(Böhm 1979). The shoot characters measured were longest
leaf length (LLL), maximum width of the longest leaf
(LLW), leaf area (LA), plant height (PH), number of tillers
(NT), and dry shoot biomass (SB). The root characters
measured were number of roots greater than 30 cm
(NR > 30), longest root length (LRL), total length of roots
greater than 30 cm (TRL), shallow root weight (SRW, root
weight above 30 cm), deep root weight (DRW, root weight
below 30 cm), dry root biomass (RB), and root biomass to
shoot biomass ratio (R/S).
Statistical analysis
The shoot and root data were subjected to the analysis of var-
iance (ANOVA) for each year (Steel et al. 1997). The com-
bined ANOVA across years was performed for each
measured and calculated trait. The overall rooting ability of
each genotype was calculated by ranking each genotype for
individual root traits in each replication in each of the
3 years. Genotypes with the highest values were ranked 5
and those with the lowest values were ranked 1. Subse-
quently, all the ranks of root characters for each genotype
were summed providing a measure of the rooting ability
index for each genotype at diVerent replications (blocks). The
genotypic rank sums averaged across the years were sub-
jected to the non-parametric Quade analysis developed for
randomized complete block designs (Conover 1980; Quade
1979) to diVerentiate genotypes for overall rooting ability.
Results
PCR-based 1BS-speciWc markers
To map locus speciWc markers, we targeted the 3 UTR of
ESTs for primer design due to its polymorphic nature.
Primers were designed from the corresponding unigenes
from the HarvEST assembly; 91 EST loci were selected
from the 763 EST loci assigned to wheat 1S by Peng et al.
(2004). These 91 primer pairs were screened against Wve
genotypes: Pavon 76, Pavon 1RS.1BL, Pavon Dt.1BL, T-1,
and 1B + 5. In the initial screening, eight primer pairs
showed polymorphism for the presence/absence of a DNA
band. These eight primer pairs were used for screening the
population of 68 primary recombinant lines. Four of the
primer pairs (see Table 1) showed reproducible polymor-
phism. The amplicon sizes ranged from 500 bp to 1.1 kb.
Two were the expected fragment sizes and the other two
primer pairs, Xucr_4 and Xucr_6, produced longer ampli-
cons than the expected size due to ampliWcation of introns
(Table 1). The primer pair for Xucr_4 ampliWed two PCR
products of 700 and 575 bp, but only the 575 bp band was
polymorphic (Fig. 1a, b).
SSR-based 1BS-speciWc markers
To add more markers, we selected 16 1BS-speciWc primer
sequences from the lists of Röder et al. (1998) and Peng
and Lapitan (2005). The pre-screening of these primers
against the same Wve lines produced polymorphism for
eight markers, but only four of these showed a convincing
polymorphism for the entire population. AmpliWed PCR
products were comparable to the expected size range of
150–200 bp (Table 1).
Genetic map based on the 1RS-1BS 
recombinant breakpoints
A calculative approach was used to generate a genetic map
of the 1RS-1BS arms. The 1RS-1BS map from the previous
Fig. 1 Polymerase chain reaction amplicon from 1BS-speciWc domi-
nant marker Xucr_4 (575 bp) among diVerent wheat lines on 1.2% aga-
rose gel elctrophoresis. The numbers at the top of panels correspond to
lines carrying diVerent lengths of 1RS chromatin in wheat back-
grounds. 1B + lines are 1BS arm with distal 1RS chromatin and T-lines
are 1RS arm with distal wheat chromatin
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study (Lukaszewski 2000), based on 12 markers and 103
recombinants, was enriched by eight additional molecular
markers and recalculated using 68 lines. The population of
recombinants was divided into two conWguration groups,
1B + lines with distal 1RS, and T-lines with distal 1BS,
comprising 34 lines each. Both groups were scored sepa-
rately for the presence/absence of each of the 20 markers,
with the presence of a marker denoted as a score of 1 and
the absence as 0. Each line was then ranked according to its
total score for all markers and each group was further
divided into 11 subgroups on the basis of its ranking. Thus,
the entire mapping population was divided into 22 sub-
groups (Fig. 2). In this fashion, the 20 markers subdivided
the genetic maps of the arms into 15 intervals (Fig. 2).
Since each of the 68 primary recombinants used in mapping
was preselected, guaranteed recombining cells having sin-
gle crossing-over events, the total genetic length of the map
is 50 cM, and each breakpoint then equals 50/68 cM while
the distance between any two given markers is calculated
by the formula:
Genetic distance = (50/total no. of lines) £ no. of
breakpoints per interval and no mapping functions
needed to be applied.
Phenotyping of shoot and root traits
Phenotyping of recombinants was necessary to test the gen-
eral applicability of the consensus 1RS-1BS map in locat-
ing a 1RS region showing better rooting ability. Various
shoot and root traits were studied using two parents and
three recombinants covering the whole 1RS-1BS map.
There were signiWcant diVerences among years for all shoot
characters measured, except for the maximum width of the
longest leaf (Table 2). SigniWcant diVerences were found
among the genotypes for shoot characters, except for maxi-
mum width of the longest leaf and leaf area. Genotype £
year interaction was signiWcant only for the number of
tillers per plant (Table 2). This interaction was due to
changes in the magnitude of the genotypic means across
diVerent years (non-crossover interaction) rather than
changes in ranking of the means. Therefore, shoot charac-
ters in Table 2 are represented by means averaged across
years. Pavon 1RS.1BL was taller, had longer leaf length
and a greater root-to-shoot ratio than Pavon 76. Since
Pavon 1RS.1BL and Pavon 76 had similar shoot biomass
(Table 2), greater root-to-shoot biomass ratio in the former
genotype indicated greater root biomass in 1RS.1BL than
Fig. 2 Diagrammatic representation of genetic positions of recombi-
nant breakpoints of 1RS-1BS in Pavon 76 bread wheat. White bars are
representing wheat 1BS and black bars represent rye 1RS. On the left
side of the Wgure is the list of markers present starting from the centro-
mere at the bottom (represented by circle;  white = wheat and
black = rye centromeres) to the top toward telomeres. Each black and
white bar represents the 1RS-1BS arm showing the position of the
markers with respect to recombinant breakpoints and these bars repre-
sent only the 40% distal end of the chromosome
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Pavon 76 (Table 3). Leaf area in 1B + 2 was the highest
(30.1 cm2) followed by Pavon 1RS.1BL (29.7 cm2).
Despite signiWcant diVerences observed among the geno-
types for shoot characters, the diVerences were relatively
small, except for the shoot biomass in 1B + 2 in the third
year (not shown) which was due to greater number of tillers
per plant and plant height (Table 2). Otherwise, the rest of
the genotypes did not show large diVerences for combined
as well as for individual years for most of the shoot traits.
There were signiWcant diVerences among years for all
root characters measured (Table 3). SigniWcant diVerences
were found among the genotypes for all the root characters
measured, except for longest root length. The genotype £
year interaction was signiWcant only for the number of
Table 2 Summary of combined ANOVA and mean values of plant
height (PH), number of tillers (NT), longest leaf length (LLL), maxi-
mum width of the longest leaf (LLW), leaf area (LA), shoot biomass
(SB), and root to shoot biomass ratio (R/S) for bread wheat Pavon 76,
Pavon 1RS.1BL, and three recombinant lines 1BS-1RS grown in sand
tubes for 45 days (mid-tillering stage) averaged across 3 years
CV CoeYcient of variation
NS not signiWcant (P)
9 Means followed by the same small letter within a column are not signiWcantly diVerent at P < 0.05 and according to LSD test
*S i g n i Wcant (p =0 . 0 5 )
** SigniWcant (p =0 . 0 1 )
Genotype PH (cm) NT (no.) LLL (cm) LLW (cm) LA (cm2) SB (mg) R/S
Pavon 76 45.89 c 4.2 b 32.2 c 1.01 a 27.3 b 725 bc 0.41 bc
1RS.1BL 48.0 b 4.1 b 35.6 a 1.00 a 29.7 ab 798 b 0.45 a
T-14 47.7 bc 4.1 b 34.6 ab 0.94 a 27.4 b 634 c 0.39 bc
1B + 2 49.4 a 5.1 a 33.6 bc 1.05 a 30.1 a 862 a 0.40 c
1B + 38 46.3 bc 4.1 b 33.7 bc 0.96 a 27.1 b 730 bc 0.42 ab
Year ** ** ** NS ** ** **
Genotype * ** * NS NS ** **
Genotype £ year NS ** NS NS NS NS NS
CV 6 14 7 9 14 18 11
Table 3 Summary of combined ANOVA and mean number of roots
greater than 30 cm (NR > 30), longest root length (LRL), total root
length of roots greater than 30 cm (TRL), shallow root weight (SRW),
deep root weight (DRW), dry root biomass (RB), Quade statistic (Sj),
and rooting ability index (RAI) for bread wheat Pavon 76, Pavon
1RS.1BL, and three recombinant lines 1BS-1RS grown in sand tubes
for 45 days (mid-tillering stage) averaged across 3 years
CV CoeYcient of variation
NS Not signiWcant (P >0 . 0 5 )
 Mean rank sums for root characters
9 Means followed by the same small letter and capital letters within a column are not signiWcantly diVerent at P < 0.05 and at P < 0.10 according
to LSD test and Quade test, respectively
§ The critical value for a diVerence |Si ¡ Sj| to be signiWcant = 9.06
*S i g n i Wcant (p =0 . 0 5 )
** SigniWcant (p =0 . 0 1 )
Genotype NR > 30 (no.) LRL (cm) TRL (cm) SRW (mg) DRW (mg) RB (mg) Overall
Sj
§ RAI
Pavon 76 5.39 b 91 a 350 b 220 bc 69 b 289 cd ¡7.0 11.3 B
Pavon 1RS.1BL 6.5 a 91 a 422 a 267 a 89 a 355 a 11.5 26.3 A
T-14 5.3 b 88 a 347 b 193 c 65 b 258 d ¡11.0 10.2 B
1B + 2 6.2 a 89 a 389 a 255 ab 94 a 350 ab 3.5 22.0 A
1B + 38 6.1 a 94 a 390 a 227 b 83 a 311 bc 3.0 20.2 A
Y e a r * * ** ** * * * * *
Genotype ** NS ** ** ** **
Genotype £ year ** NS NS NS NS NS
CV 15 10 14 19 24 16Theor Appl Genet (2009) 119:783–793 789
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roots greater than 30 cm. Therefore, means for root charac-
ters were averaged across 3 years (Table 3). The number of
roots greater than 30 cm and root biomass in Pavon
1RS.1BL was greater than those in Pavon 76, which con-
Wrmed the results reported earlier (Ehdaie et al. 2003;
Ehdaie and Waines 2006). The number of roots greater than
30 cm in Pavon 1RS.1BL, 1B + 2 and 1B + 38 was similar,
but greater than those in Pavon 76 and T-14 (Table 3). A
similar trend was observed for the total length of roots
greater than 30 cm. Shallow root weight was highest in
Pavon 1RS.1BL (267 mg plant¡1) followed by 1B + 2
(255 mg plant¡1), and 1B + 38 (227 mg plant¡1). The low-
est shallow root weight belonged to T-14 (193 mg plant¡1).
Deep root weight in Pavon 1RS.1BL, 1B + 2, and 1B + 38
were similar, but greater than those in Pavon 76 and T-14.
The greater dry root biomass observed in Pavon 1RS.1BL
as compared to Pavon 76 was because of a combination of
greater shallow and deep root weight in the former than in
the latter genotype (Table 3).
Quade analysis was used to compare the rooting ability
index (RAI) of the examined genotypes based on the mean
rank sums of root characters. The Quade statistic (Sj)
ranged from ¡11.0 for T-14 to 11.5 for Pavon 1RS.1BL
(Table 3). DiVerences among Sj were statistically signiW-
cant at P < 0.10 (Quade 1979). Pavon 1RS.1BL had the
highest RAI (26.3) followed by 1B + 2 (22.0) and 1B + 38
(20.2). Pavon 76 (11.3) and T-14 (10.2) had the lowest RAI
(Table 3).
Discussion
Genetic mapping in wide hybrids has been performed for
many plant species, particularly in diploids including barley
(Graner et al. 1991), chickpea (Winter et al. 2000), lentils
(Eujayl et al. 1998), onion (van Heusden et al. 2000), Nico-
tiana species (Lin et al. 2001), and tomato (Bernatzky and
Tanksley 1986; Helentjaris et al. 1986). In the early days of
genetic mapping with molecular markers, wide hybrids
were the approach of choice, for it guaranteed much higher
levels of polymorphism than in intra-speciWc hybrids.
Despite notable instances of non-Mendelian segregation
and skewed distribution of recombination, wide hybrids
produced useful genetic maps with higher marker satura-
tion at considerably less cost and eVort (van Heusden et al.
2000). The use of wide hybrids in allopolyploids is more
complicated than in diploids as allopolyploids tend to have
some kind of chromosome pairing control system in place
that limits crossing over to homologues. Hence, homoeolo-
gous pairing may be low or even non-existent. In this study,
68 recombinants produced by crossing over were used.
These recombinants were selected from a population of 103
such recombinants developed by Lukaszewski (2000). The
entire recombinant population was selected from a popula-
tion of ca. 17,000 progeny with the Ph1 system disabled. If
the assumption is made that crossing over in the Ph1+ and
Ph1¡ wheats is the same, and they appear to be, except for
the absence of multiple crossovers per arm (Lukaszewski
2000), then the sample analyzed here would be equivalent
to a population of 136 backcross progeny, a sensible
number giving the maximum resolution level (spacing of
breakpoints) of 0.7 cM. The physical distribution of 68
recombinant breakpoints used in the present study is shown
in Fig. 3.
With a total of 20 physical and molecular markers, we
constructed the combined genetic map of 1RS-1BS recom-
binant breakpoints in Pavon 76 background. The genetic
map produced here has an average density of 2.5 cM. The
maps shown in Figs. 2 and 4 represent only the physical
40% of the distal ends of the 1S arms as no recombination
took place in the proximal 60% of the arm. Any loci in this
region would show complete linkage with the centromere.
The advantage of using these recombinant breakpoints in
developing a genetic map is in their physical diVerences
from one another. Here, we used two methods to map.
Firstly, we used the recombinant breakpoints to develop a
genetic map of the arm, and secondly, we used the map to
classify the breakpoints. Each interval or genetic distance
between two markers is represented by one or more recom-
binant breakpoints that most often include both reciprocal
conWgurations of the chromosomes. This physical separa-
tion of the breakpoints further reWnes the genetic map to
0.7 cM level. The reciprocal nature of chromosomes with
breakpoints in any given interval will permit allocation of
identiWed genetic loci to very narrow physical segments of
rye chromatin. This may be a useful tool in dissecting the
genetic components of a particular gene of interest or an
important agronomic trait present on 1RS.
Somers et al. (2003) detected an average of one single
nucleotide polymorphism (SNP) per 540 bp ESTs in wheat
and demonstrated the reliability of designing PCR primers
for locus-speciWc amplicon production. In this study, we
targeted a single chromosome arm, 1BS, and expected that
most of the 91 EST loci allocated to this arm could be con-
verted to 1BS locus-speciWc amplicon markers. Given that
the recombination was intergeneric, we expected that most
of these markers would be polymorphic between wheat and
rye, and so would produce a highly saturated map. How-
ever, only four PCR-based markers showed reliable poly-
morphism, though we cannot rule out sequence-based
polymorphisms that we could not detect. The sequences of
the 91 EST loci on wheat 1S arms were used to search rice
orthologs using TIGR rice version 4.0 gene models, and 54
of these sequences had rice blastx hits of e-20 or better,
comprising 52 rice gene models. Of the 52 models, 27 were
clustered on chromosome 5 of rice, which is known to be790 Theor Appl Genet (2009) 119:783–793
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syntenic to chromosomes 1S of Triticeae (Sorrells et al.
2003; Peng et al. 2004; Gale and Devos 1998). In the pres-
ent study, two gene models with genebank accessions viz;
BE497177 and BF483588 were found to be represented as
markers,  Xucr_4 and Xucr_8, respectively (see Table 1).
The rice annotation of Xucr_8 is described as a drought
induced 19 protein (Di19) which can be helpful in studying
drought. However, a high frequency of insertions and dele-
tions in rice and maize make these genomes more Xuid at
the DNA sequence level than indicated by Southern analy-
ses (Sorrells et al. 2003).
Testing a total of 16 SSR and eSSR markers yielded four
polymorphic ampliWed products, which were comparable to
the previous studies (Röder et al. 1998; Peng and Lapitan
2005). Röder et al. (1998) found diVerent band sizes for
cultivar and synthetic wheat, though the diVerences were
comparable. Only 1 out of 9 eSSR markers could be
mapped on 1BS-1RS. This low success rate may be due to
low polymorphism between wheat and rye 1S arms.
Whether this indicates high conservation of genic regions
across species we cannot tell at this point. Peng and Lapitan
(2005) showed ampliWcation of 15 wheat eSSR markers in
rye as well as barley. They detected polymorphism between
wheat and barley but did not mention polymorphism
between wheat and rye. A comparison of the current 1RS-
1BS map with the SSR (Röder et al. 1998) and eSSR maps
(Peng and Lapitan 2005) of the 1B chromosome shows a
good agreement in marker order, location, and relative
positions in its distal part, regardless of the projection mode
used. A similar approach was used to generate a genetic
map of ph1b-induced 2R-2B intergeneric recombinants,
with a similar success (Lukaszewski et al. 2004), validating
the wide-hybrid approach to mapping.
The integration of physical and molecular markers in the
present 1RS-1BS map also provided the alignment of
recombinant breakpoints over each map interval. This
Fig. 3 Physical distribution of recombinant breakpoints on the short
arm of chromosome 1R-1B along the centromere (0), telomere (t) axis
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information oVers great potential to study agronomic traits
aVected by the introduction of alien 1RS chromatin into
wheat. Our working hypothesis was if a 1B + line shows
some speciWc trait then this trait should be absent in its
complementary T-line, and vice versa. To check the appli-
cability of this concept, we looked at diVerent root charac-
ters in wheat. Studies during the past few years showed an
increased root biomass in wheat with the alien 1RS chro-
mosome arm over standard spring wheat Pavon 76 and
found a positive correlation of increased root biomass with
grain yield (r = 0.90) (Ehdaie et al. 2003). Recent studies in
rice (O. sativa L.) and maize (Zea mays L.) have also corre-
lated the QTLs for root traits with QTLs for yield under
Weld conditions (Yadav et al. 1997; Price et al. 1997, 2000;
Tuberosa et al. 2002). A major limitation to study roots is
the diYculty in making observations as the process is very
laborious and time consuming. In the present study, we
tested only three recombinant chromosomes with break-
points selected to divide the recombining portion of the arm
into three segments of roughly similar lengths. The experi-
ments were conducted in 3 years at the same months of the
year, in replicated trials, to determine the magnitude of the
genotype £ year interaction and the repeatability of results
from the sand-tube technique. SigniWcant variation was
observed from year to year (Table 3), with considerably
higher means in the third year. This might have been due to
relatively lower temperatures in the third year providing
better conditions for vegetative growth. The signiWcant
genotype £ year interaction observed for number of roots
greater than 30 cm (Table 3) was due to only one genotype,
T-14, producing more roots only in year 2. Otherwise, other
genotypes showed similar trends for this character across
the 3 years. The lack of signiWcant genotype £ year inter-
action for most of the root characters examined (Table 3)
indicated high repeatability for these root traits. Quade
analysis used on rank sums separated the Wve genotypes in
two groups viz., Pavon 1RS.1BL, 1B + 2 and 1B + 38 con-
taining distal rye chromatin with higher rooting ability and
Pavon 76 and T-14 lacking the distal rye segment with
lower rooting ability (Table 2).
Overall, the Wve genotypes examined showed relatively
small variation for shoot characters but they diVered in
root characteristics including root biomass. Based on the
results, we propose the presence of quantitative trait locus
or loci (QTL) for root traits in the distal 15% of the physi-
cal length of 1RS arm. In cereals, most of the gene rich
regions for agronomic traits are concentrated in the distal
ends of the chromosomes (Gill et al. 1996). Kim et al.
(2004) conducted Weld studies for the agronomic perfor-
mance of 1R from diVerent sources of origin. They found
1RS increases the grain yield signiWcantly, and interest-
ingly, all the lines with 1RS did not show signiWcant
diVerences for shoot biomass. They did not look at the
root traits, which could have also been useful. In a similar
study, Waines et al. (2004) compared 1RS from diVerent
sources to study root biomass in hexaploid as well as tet-
raploid wheats. The translocated hexaploid wheats with
1RSAmigo and 1RSKavkaz showed 9 and 31% increase in
root biomass than Pavon 76, respectively. Similar results
were reported for the durum wheat ‘Aconchi’ (without
1RS) versus Aconchi with the 1RS arm. These studies
point toward the deWnite presence of gene(s) for greater
rooting ability on 1RS, and also the diVerential expression
of alleles from diVerent sources of 1RS in root traits. In a
recent study on rice root anatomy, Uga et al. (2008) iden-
tiWed a QTL for metaxylem anatomy on the distal end of
the long arm of chromosome 10. In another comparative
study of rye DNA sequences with rice genome, the distal
end of the long arm of chromosome 10 of rice was syn-
tenic to 1RS (Hackauf et al. 2009). Both these studies pro-
vide evidence to support the general applicability of our
mapping method to locate the probable region on 1RS,
carrying gene(s)/QTL for root traits.
Our present Wnding on root studies prepares a platform
to Wnd gene(s)/QTL for root traits on 1RS. Future work
will focus on use of a larger number of recombinant lines
to narrow down the QTL region of 1RS responsible for
increased root traits and Wnd the molecular markers linked
to these QTL. Ultimately, this would lead to our goal of
physical mapping and then positional cloning of the root
QTL.
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